ABSTRACT
Introduction
Interferon-gamma (IFN-γ) is a Th1 cytokine with a pleiotropic biological effect important for the treatment of a number of diseases (see review [18] ). Its active form is a dimer believed to be a tight structure dissociated into monomers under denaturing conditions only [1, 17] . Using more sensitive methods such as native gel electrophoresis, time-resolved fl uorescence, fl uorescence anisotropy decay and relative fl uorescence decrease upon dilution of the IFN-γ solution, evidence has been obtained that in the native IFN-γ solutions the dimer is in a dynamic equilibrium with its monomeric subunits [2] . This problem, however, has not been studied in detail, although it is of great importance since free monomers appear to be responsible for the aggregation of IFN-γ caused by hydrophobic interactions between their "breathing" α-helices. This is supported by the following facts: 1) The aggregation of IFNγ is facilitated by dilution of its solution [16, 19] which increases the monomeric fraction; 2) The stability of IFN-γ against acid denaturation increases when the dimer is stabilized by an intra-monomer disulfi de bond [12] ; 3) Free monomers are the most likely candidates to represent the intermediate conformational state found to precede aggregation [10, 11] .
In this study we have derived equations describing the fl uorescence intensity of IFN-γ solutions based on a model of dimer-monomers dynamic equilibrium in the solutions of native IFN-γ. Thus, it was possible to compare the theoretical data with the experimentally obtained results. It was found that both sets of data perfectly coincide.
Fluorescence properties of IFN-γ
This cytokine has well pronounced intrinsic fl uorescence properties. The main fl uorophore in human IFN-γ is a Trp residue located at position 36 in a buried hydrophobic region of helix B [6] . It is highly conserved in all species studied until now.
Upon excitation at 295 nm the Trp residue exhibits a fl uorescence spectrum with a maximum in the region of 340-343 nm. Other fl uorophores in this protein are the four Tyr residues which absorb at 270 nm and produce a similar spectrum. At 295 nm they also absorb light but their contribution to the Trp fl uorescence is less than 10% [2] . An important fi nding revealed that fl uorescence of IFN-γ can also be induced by non-enzymatic glycosylation (glycation), a process recently found to take place in prokaryotes too and to affect both host and recombinant proteins [15] . The glycated adducts are excited at 350-370 nm and yield a fl uorescence spectrum with a maximum at 420 nm. Glycation was found to reduce the Trp fl uorescence [5] .
Previous results [2] have shown that the fl uorescence intensity of free monomers is lower than that of monomers associated in dimers. The decreased fl uorescence of free monomers is due to the following factors: 1) The Tyr-toTrp resonance energy transfer between the two monomeric components in the dimer via dipole-dipole interactions is absent in the free monomers; and 2) The fl exible conformational state of the free monomers allows amino acid residues to quench Trp fl uorescence, while in the dimer these residues are in a fi xed more rigid state.
Modeling of the fl uorescence intensity of IFNγ. The Trp fl uorescence intensity I is the sum of the fl uorescence intensities of the three molecular species which may be present in a solution: that of dimeric (I 2 ) and of free monomers (I 1 ) in the native fraction p and that of aggregates (I d ) in the denatured fraction (1-p). Since the fl uorescence intensity I 1 of free monomers is lower than that (I 2 ) of monomers associated in dimers, we shall put I 1 = αI 2 , where α < 1. In 10 mM Tris-HCl, pH 7.5 and at 13 o C α was found to be about 0.5 [2] . In this study the same value was found also in 0.14 M NaCl around 20 o C. Fluorescence quenching takes also place in the denatured aggregated monomers so that I d of the denatured fraction (1-p) is also a fraction of ε 2 , i. e. I d = βε 2 , where β < 1. ε 2 will be defi ned as a molar fl uorescence coeffi cient of dimeric monomers, measured under fi xed geometrical conditions. In our experiments -as the fl uorescence intensity of a molar solution of dimeric monomers in a layer 1 cm long and 2 mm thick in the cuvette of the Shimadzu spectrofl uorometer.
For our goal we accept that the IFN-γ dimers A 2 in a native protein solution are in a dynamic equilibrium with the monomers A 1 with dissociation and association constants k 1 and k -1 , respectively, i.e:
If the molar concentrations of the "dimeric" monomers A 2 and that of the free monomers A 1 are C 2 and C 1 respectively, the molar concentration of IFN-γ (expressed as molarity of monomers both free and associated in dimers) will be:
According to the law of mass action the equilibrium of eq. 1 is described as follows:
In the case of human recombinant IFNγ K e was found to be of the order of 10 -6 [2] indicating a very strong interaction between the two monomers. The fractions f 1 of free and f 2 of dimeric monomers are: and ;
For convenience we shall use also the ratio ,
This makes it possible to consider several parameters such as IFN-γ molarity, temperature (accounted for by K e , see eq. 12) and also different factors affecting K e (e.g. ion composition of the solution, see Table 1 ).
From (3-5) the following quadratic equation can be derived: (6) It has a positive square root:
The value of fraction f 1 as a function of n is shown in Fig.  1 . Its sharp increase occurs at n < 3. Thus, the sum I of the fl uorescence intensities of the three fractions I 1 , I 2 and I d can be presented as: (8) Substituting eq. 7 for f 1 we obtain the following expression for the total fl uorescence intensity I:
For native IFN-γ p = 1 and the last term of eq. 9 is annulled. When K e decreases the fl uorescence of dimers prevails, while the fl uorescence of monomers will prevail when K e increases.
When the fl uorescence intensity I is expressed in arbitrary units its value depends on many factors including the parameters of the fl uorimeter. This may be avoided if we use the relative fl uorescence intensity decrease I r after an x-fold dilution of the IFNγ solution:
where I 1 is the fl uorescence intensity of the initial (x = 1) and I x -that of the x-fold diluted solution. Thus, the ratio I r in eq. 10 does not depend on the fl uorescence units used. In this case C in eq. 9 is replaced by C/x, where x is the dilution factor. With the corresponding equation 9 for I x and for I 1 , eq. 10 becomes: (11) 
Materials and Methods
The fl uorescence properties of IFNγ were studied using a human recombinant protein expressed in E. coli with a purity of 99.5 % and an activity of about 5.10 7 IU/mg determined by both the antiviral test [7] and by a modifi ed kinurenine bioassay [3] refl ecting its antiproliferative activity.
Fluorescence intensity was measured in a Shimadzu spectrofl uorometer in arbitrary units (AU) in a thermostatically controlled cuvette with a layer 1 cm long and 2 mm thick. To avoid the error of inner fi ltering effect low concentration of IFNγ, less than 30 μM were used. Protein concentration was determined by the method of Bradford [4] .
Another possible source of errors was the UV irradiation of the protein. The excitation at 295 nm caused a decrease of the fl uorescence due to photolysis of the Trp [9] and Tyr residues. For this reason the fl uorescence at 343 nm was measured within an interval of 3 seconds at low excitation energy (5 nm band-width of the monochromator). When the effect of hIFNγ concentration on the fl uorescence intensity was studied, different dilutions of the protein solution were prepared beforehand in siliconised tubes. Fluorescence due to glycation adducts of hIFNγ was registered at 420 nm upon excitation at 370 nm [15] .
Molecular oxygen is known to collisionally quench most fl uorophores. However, the unquenched life time of tryptophan [13] and that of Trp residues in IFNγ [19] is under 5 ns, so that the effect of dissolved oxygen from the atmosphere can be neglected [13] .
Large light scattering aggregates when present were eliminated by centrifugation of the solution.
Drawing graphs and calculation of parameters was performed using the Microcol Origin 7.0 software. All reagents were of analytical grade.
Results and Discussion
The parameters α, K e , β and ε 2 used in the equations obtained above were determined experimentally: α: In 10 mM Tris-HCl, pH 7.5 at 13 o C α was found to be about 0.5 [2] . The same value was obtained in this study for IFNγ in 0.14 M NaCl at 20 o C. K e : The equilibrium constant K e of the dimer-monomers dissociation for a given temperature T was calculated from the known expression: (12) In 10 mM Tris-HCl, pH 7.5 and a reference temperature T = 286 K (13 o C), K e(ref) has been found to be 0.38x10 -6 and ΔH -10100 cal/grad -1 .mol -1 [4] . With R = 1.9885 the following graphs ( Fig. 2) of the dependence of K e on the temperature were obtained for solutions of different ionic composition (see Table 1 ) [8] . As seen, the increasing effect of temperature on K e is much stronger in the presence of only mono-or only divalent cations, while the effect is reduced in the absence of cations (Tris), or in the presence of both types of cations (HBP). 
β:
The coeffi cient β of denatured aggregates was found to decrease with their maturation. In accordance with literature data [2, 16] we have found that the formation of aggregates is a relatively slow process.
To obtain a value for β the IFN-γ solution was heated at 85 o C for 15 min and its fl uorescence and biological activity were measured after cooling. Then β was calculated from eq. 9, accepting p proportional to the change in biological activity. A value of 0.72 was obtained during the fi rst hours; due to the increasing size and compactness of the aggregates it decreased to 0.55 after 24 h., then to 0.5 and 0.4 during the next days and months. Finally after several months it dropped down to 0.3. ε 2 (as defi ned above) was calculated from eq. 9 by measuring the fl uorescence intensity of different preparations. An average value of 34.5x10 6 was found with a standard error of 5%. This coeffi cient depends on the temperature and if expressed in corrected units [13] should be constant for native preparations obtained under identical conditions.
The fl uorescence intensity of different IFNγ solutions was measured and the experimental data were compared with the curves obtained by eq. 9. As seen in Fig. 3 , the theoretical curve fi ts very well the experimental results.
The experimental results concerning the relative fl uorescence I r upon dilution are even more revealing. Fig. 4 shows that the theoretical curves (eq. 11) coincide perfectly with the corresponding experimental data for different samples of IFNγ, including both native (curves b and c) and denatured (curve a) preparations. The fl uorescence intensity of an IFNγ solution cannot be directly used to estimate its biological activity. However, I r can be used as a measure of the native state since its value refl ecting the dissociation of IFNγ dimers into monomers will be affected by the presence of fractions unable to dissociate, such as denatured aggregates and covalent dimers. This "dilution test" is a simple, chip and rapid procedure which can be used as a preliminary check to select samples for the antiviral test.
To assess the state of an IFNγ sample, I r should be plotted as a function of p for a preparation with α = 0.5, K e as calculated from eq. 12 and a molarity and dilution as those of the sample studied. Thus, the curve shown in Fig. 5 will be obtained.
Then the value of p corresponding to the experimentally measured I r of the sample can be estimated. There are three possibilities: a) I r shows a p = 1 (Fig. 5, experimental point A) , which corresponds to a completely native preparation -absence of aggregates and/or chemical modifi cations affecting the fl uorescence; b) I r corresponds to p < 1 (Fig. 5, experimental point B) indicating the presence of a fraction unable to dissociate. In the case shown p = 0.28. It corresponds to a preparation stored frozen for one year, thus yielding a 72% denatured and/or covalently linked glycated dimers. c) I r has a value lower than that corresponding to p = 1 (Fig. 5, experimental point C) . This indicates altered parameters α and K e of the sample studied. This can be due to two factors: a) Glycation adducts that have been shown to decrease Trp fl uorescence [5] . This would lead to an average α < 0.5 depending on the percentage of glycated molecules; b) An increase of the equilibrium constant K e of the glycated molecules. The result would be a lower average K e . In both cases it indicates glycation which was shown to decrease activity and stability of the preparation [14] . 5 . Dependence of the relative fl uorescence decrease I r on p (size of the native fraction) for a hrIFNγ with α = 0.5, K e as determined by eq. 12 and the same molarity and dilution as those of the sample studied. The value I r of the sample indicates the size of its native fraction (dotted lines corresponding to points A or B) or the presence of chemical modifi cations changing its parameters α and K e when this value is lower than that corresponding to p = 1 (dotted line corresponding to point C)
Thus, although the fl uorescence intensity is not a direct measure of the biological activity of hIFNγ, its relative decrease upon dilution ("dilution test") indicates the presence and the size of an inactive fraction in the preparation and also chemical modifi cations of the protein (e.g. glycation).
